This paper presents the modal superposition method in the application of wave-induced response analysis of mat-like floating plates. This method separates the coupled hydroelastic problem into uncoupled usual hydrodynamic problem and structural dynamic problem by expanding the motion of the plate as a superposition of modal functions which include rigid-body motions and bending modes of the plate. Effects of important parameters such as wave period, direction of incident waves and plate rigidity on the response of the plate are discussed. Comparisons between the two-dimensional analytical solutions and the three-dimensional solutions are also made.
INTRODUCTION
In recent years, floating airports have been attracted considerable attention because of the fact that it is difficult to find a place on land or shallow sea for such purposes in Japan. Usually, pontoon type floating airports have large dimensions in length and width with compared to height.
For example, the concept design of floating airport for Kansai international airport has a length of 4000m, a width of 1250m and a height of 4.5m1). Therefore such floating structures must be very flexible and the elastic deformations due to waves become significant. The interaction between structural deformations and waves must be taken into account in the design of such floating structures.
For solving this problem, several studies have treated the structure as a beam with free ends in two-dimensional fluid field, and the numerical solutions are in good agreements with the experimental results.2)-7) However, it is impossible to consider the influence of the incident direction of incoming waves by these method. On the study of floating structures in three-dimensional fluid field, Wen8) has proposed a time domain integration method for the analysis of a rectangular plates in linear shallow water waves. Hamamoto, Takahashi and Tanaka9) have performed the response analysis of a circular floating plate subjected to wind-waves and seaquakes. Mamidipudi and Websterio) have presented a combined method of singular point distribution method and finite difference method for analyzing the motion of a mat-like floating plate in wave. Newmen 1U has extended the formulations of the linear potential theory from the rigid-body motion analysis to the generalized modal motions of various deformable bodies. Wang and Ertekin et al.12) have presented a hydroelastic-response analysis of a box-like floating airport of shallow draft. This paper presents the modal superposition method in the application of wave-induced harmonic response analysis of mat-like floating plates. This method separates the coupled hydroelastic problem into uncoupled usual hydrodynamic problem and structural dynamic problem by expanding the motion of the plate as a superposition of modal functions which include rigid-body motions and bending modes of the plate. The diffraction problem and the radiation problems are solved by the boundary integral equation method, and the hydroelastic equation of motion is solved by the Galerkin's method. The method is based on the assumptions of the linear wave theory and small amplitude motion of the structure. Some numerical examples show that this method converges rapidly.
Effects of some important parameters such as wave period, direction of incident waves and plate rigidity on the response of the plate are observed by the proposed method. Comparisons between the two-dimensional analytical solutions7) and the three-dimensional solutions by the proposed method are also made.
GOVERNING EQUATIONS
The fluid-structure system is shown in Fig. ! . The two horizontal coordinate axes, x and y, are set to be parallel to the two sides of the plate and x-y plane is on the mean position of the free surface of the water. The z-axis is pointing upwards and passing the center of the plate. The fluid is assumed to be incompressible, inviscid and irrotational so that the velocity potential exists. The waves and the motions of the structure are of small amplitude and only the vertical motion is considered.
Under the assumptions stated above, the flow can be expressed by a velocity potential, I(x, y, z, t), as I(x, y, z, t)=Re(s(x,y,z)e-1(t) (1) and the steady-state vertical motions of the structure, W(x, y, t), should be harmonic and can be expressed as W(x, y, t)=Re(w(x, y)e-1at) (2) where i is imaginary unit, t is time, a is the circular frequency, (x, y, z) is the complex potential, and w(x, y) is the vertical complex displacement of the plate. p=ipcR (10) and p is the density of the fluid.
EXPANSION OF MOTION
Exact solutions of the coupled hydroelastic equation (8) are generally difficult. On structural dynamics, the modal superposition method are widely used for analyzing the coupled vibrations of multi-degree of freedom system or continuous structures.
On hydrodynamics, this modal superposition scheme is successfully used by Newmen11), Fathi4) and Wu et. al.7) to solve twodimensional hydroelastic problems, and it is also employed by Weng) to analyze the response of a plate in linear shallow water waves.
The modal functions employed in this paper are as same as those which are used by Weng). The displacement of the plate, w(x, y), is expanded by the approximate natural functions of free-edge plates w(x, y)=mnfm (x)fn(y) (11) where cmn is the complex amplitude to be determined, and fm(x)fn(y) is the mn-th mode of the plate. The fm(x) and fb(y) are the natural functions of free-free beam, wherein the fm(x) is given by 
The modal functions expressed in the equations (12) and (13) are orthogonal each other in the interval (-a, a)
The fn(y) is similarly defined as fm(x). Fig. 2 shows some lower modes of the free-free beam, and Fig. 3 shows some bending modes of the plate.
HYDRODYNAMIC SOLUTIONS
Under the assumption of linear wave theory, it is possible to express the complex potential, 4(x, y, z), in the form 11) where 4D, *j, 4s and 4mnR are the potentials of the diffraction wave, the incident wave, the scattering wave and the radiation wave corresponding to the unit-amplitude of mn-th mode, respectively. 
46(4s)
The integral equation (24) can be solved by the boundary element method. In this paper, the constant element is employed. That is, if we divide the wetted surface of the body into a finite number of panel elements, E, S3 (j=1, 2,..., N), and let Eq. (24) 
In order to obtain the unknown constant in the above equation, the Galerkin's method is applied. 
The Kmn,lj, Mmn,tj and Fly are the generalized stiffness, mass and exciting force, respectively, and Mamn, ij and Cmn,lj are the generalized addedmass and damping coefficient, respectively. The unknown constants, cmn, can be obtained by solving Eq. (34), and the displacement of the plate can be determined by the equation (11).
NUMERICAL EXAMPLES AND DISCUSSIONS
It is expected that the size of the numerical models should be as same as the actual structures for investigating the behaviors of the floating airports in waves. For an actual structure having several kilometers, however, large computer memories are required. Considering the capacity of the computer used herein, we consider a model which will be used for ocean test.
The model is designed by the Committee of Mega-Floating Structure of Japan. The ocean test will be performed in the Yokosuka bay where the mean water depth is 9m approximately. The structure is a box-like pontoon having a length of 300m, a width of 60m and a height of 2m. The mass of the plate per unit area is 0.Ston/m2, and the stiffness of the plate is 7.Sx106kNm2/m. The draft of the plate is 0.5m. The plate is moored by dolphing system. In this analysis, the plate is considered to be constrained in the horizontal direction but the motions in the vertical direction are free. In order to investigate the influence of plate rigidity, the plate rigidities of 7.5x105, 7.5x107, 7.5x108, 7.5x101okNm2/m and infinite 47 the plate is divided into 864 panels in which on the bottom is 720 panels and on the side is 144 panels, and 32 modes (M=8, N=4) defined in the equation (11) are used. In the two-dimensional analysis, 20 terms of eigenfunction expansion are employed and 20 modes are used.7) To verify the convergence of the solution, the modal amplitudes defined in the equation (11) are shown in Table 1 . When the incident wave propagates along the positive direction of the xaxis (O=0) and the plate rigidity, D, is the motion. This indicates that the expansion of motion converges rapidly with increasing the plate rigidity. From Table 1 , we can also see that the modal amplitudes corresponding to diagonal bending of the plate become significant when incident angle of incoming waves is 45 degree (9=45o) and the modal amplitudes corresponding to bending modes almost disappear when the incident waves propagate along the shorter side of the plate (9=90o).
In the case of incident waves propagating along the longer side of the plate (9=0o), the modal amplitudes corresponding to bending modes in y-direction are very small. Table 2 shows the generalized added-mass and hydrodynamic damping due to unit heaving motion. The added-masses are about 40-110 times of the physical mass of the plate, and the hydrodynamic damping is quite larger than general mechanical damping. This indicates that the plate mass and the mechanical damping appear to be relatively unimportant and have little effect on the plate response. Fig. 4 shows the amplitude distribution of diffraction wave pressure on the bottom of the plate. It appears that the amplitude distribution of diffraction wave pressure depends greatly on the incident angle of incoming waves and it decreases rapidly from bow to stern.
The amplitudes of displacement of the plate for unit wave amplitude are shown in Fig. 5 . The response of the plate is sensitive to the direction of incoming waves. When 9=45o, the diagonal bending of the plate becomes significant. In the case of incident waves propagating along the shorter side of the plate (0=90o), the plate moves with heave and roll approximately. When the incident waves propagate along the longer side of the plate (0=0o), the plate moves like a beam. For different wave period, the amplitudes of displacement of the plate at y=2.5m are shown in Fig. 6 . The displacement increases with decreasing the wave period. Fig. 7 shows the amplitude of displacement of the plate at y=2.5m for different plate rigidity. The displacement increases with decreasing the plate rigidity. In case of the plate rigidity of D=7.5x101OkNm2/m, the hydroelastic responses are very closed to the rigid-body responses.
In order to investigate the effect of threedimensional and two-dimensional analysis, comparisons of the amplitude of displacement of plate between three-dimensional and twodimensional solutions are shown in Fig. 8 . In the case of incident wave propagating along the longer side of the plate (0=0o), the threedimensional results are less than the twodimensional solutions except at bow when the period of incident waves is shorter than 18sec. However, when the wave period is 24sec, in which the wave length is 223m and the structure length in the direction of wave propagation is 300m, there is a good agreement between the threedimensional and two-dimensional solutions. The agreement can also be observed when the incident wave propagates along the shorter side of the plate for the wave period of 6sec, in which the wave length is 47m and the structure length in the direction of wave propagation is 60m. Therefore, the two-dimensional solution will have a good approximation when the incoming waves propagate along the symmetric axis of the plate and the wave length is closed to or longer than the structural length in the direction of wave propagation.
CONCLUSIONS
This paper presents the modal superposition method in the application of wave-induced response analysis of mat-like floating plates. The solution of the method consists of a solution of wave field by boundary integral equation method and an approximate Galerkin's solution of the plate. This method leads to a straightforward extension of the analysis of a rigid floating body in waves and converges rapidly.
Effects of some important parameters such as wave period, incident direction of incoming waves and plate rigidity on the response of the plate are discussed through some numerical examples. Comparisons between the two-dimensional analytical solutions and the three-dimensional solutions by the proposed method are made. Summarizing the major results, the following conclusions are obtained.
1) In the analysis of interaction between ocean
waves and large floating plates, the plate mass and mechanical damping appear to be relatively less important and have little effect on the plate response than the added-mass and hydrodynamic damping. 2) The amplitude distribution of diffraction wave pressure depends greatly on the incident angle of incoming waves. The pressure due to diffraction wave decreases rapidly from bow to stem. 3) The expansion of motion converges rapidly with increasing plate rigidity. When the aspect of plate in horizontal dimension is large and incident waves propagate along the longer side of the plate, the plate moves like a beam. 4) The response of the plate is sensitive to the direction of incoming waves. At a certain range of incident angle of incoming waves, the diagonal bending of the plate becomes significant. 5) Except at the bow, the three-dimensional solutions are usually smaller than the twodimensional solutions so that the threedimensional analysis is expected for a short wave length. However, the two-dimensional solution will have a good approximation when the incoming waves propagate along the symmetric axis of the plate and the wave length is closed to or longer than the structural length in the direction of wave propagation. 
